The emission of light by sources in close proximity to a thin metallic film is dominated by surface plasmon-polariton modes supported by that film. We explore the nature of the modes and examine how the energy lost to such modes can be recovered. Both cross-coupled and coupled SPPs are presented as a means of transferring energy across a thin metal film. These modes are then scattered and thereby coupled to light by a wavelength scale grating type microstructure. We show that the photoluminescence emission from a structure containing a microstructured thin metal film that supports coupled SPPs is over 50 times greater than that from a similar planar structure. Similar strong photoluminescence emission is also exhibited by a sample that contains a planar metal film coated with a microstructured dielectric overlayer. 
Introduction
Organic light-emitting diodes (OLEDs) continue to attract attention as light sources for a number of applications. In the context of displays, top-emitting OLEDs are of increasing interest because they may be fabricated directly on top of an opaque substrate, such as silicon, thereby allowing display elements and control electronics to be integrated. In top-emitting OLED emission takes place through the metallic cathode, typically 50 -100 nm thick. Efficiency is a key issue and, as with substrate-emitting OLEDs, optical out-coupling remains the least developed aspect of efficiency. Excitons are generated by the injection of charge carriers and it is the radiative decay of these excitons that produces light. Unfortunately the probability that exciton decay will lead to an emitted photon is reduced by coupling of the exciton to bound optical modes, specifically waveguide and surface plasmon-polariton (SPP) modes supported by the structure. As we have recently shown [1] , power lost to SPPs can account for up to 40% of the power that would otherwise have been radiated. The subject of the emission of light through a metal film, such as the cathode of a top-emitting OLED provides an application in which an understanding of the role of surface plasmon-polaritons is both topical and potentially commercially important. In particular it is interesting to explore whether some of the power lost to SPP modes can be recovered, thereby improving device efficiency -it is just such an exploration that is the subject of the present paper.
SPPs are trapped electromagnetic surface modes at the interface between a metal and a dielectric and are a combined oscillation of the electromagnetic field and the surface charges of the metal. SPPs have electromagnetic fields that decay exponentially into both the metal and dielectric media that bound the interface. On a planar surface their combined electromagnetic field/surface charge nature means that they are non-radiative in nature. k for a thin planar metal film bounded on one side by an organic layer and on the other by air (here in-plane refers to the plane defined by the interfaces of the structure and, where it refers to emission, // k is also in the plane containing the emission direction). The shaded area in Fig. 1(a) is the air light-cone; it represents those combinations of frequency and in-plane wavevector applicable to freely propagating photons in the air half-space. From Fig.  1 (a) it may be seen that for a given frequency the wavevectors of the SPP modes always lie beyond this light cone, illustrating the mode's non-radiative nature. Fig. 1 (a) . Schematic representation of a dispersion map for a thin metal film bordered on one side by an organic light-emitting material and on the other side by air. The shaded region labelled "air light-cone" represents the frequencies and wavevectors accessible to light propagating in air. Note, the in-plane wavevector range from -k g / 2 to k g / 2 corresponds to the first Brillouin zone. (b). A schematic representation of a dispersion map for a corrugated thin metal film bordered on one side by an organic light-emitting material and on the other side by air. The area enclosed within the dashed lines represents the range of frequencies and wavevectors presented in Figure 5 . (Note that for clarity the horizontal scale used in Fig. 1(b) is not the same as Fig. 1 To recover the energy lost to SPP modes some means must be sought to reduce/augment the wavevectors of the SPPs so as to enable them to couple to light. A number of such methods have been used in the recovery of SPP modes, one approach has been the introduction of surface roughness to the metal thus allowing the SPPs to Bragg scatter to light [2] . Another approach to recover energy lost to bound SPP modes is to introduce wavelength scale microstructure into the device [3] [4] [5] thereby allowing trapped SPP modes to be Bragg scattered and thus couple to freely propagating radiation so as to produce emitted light. Here we use a microstructure in the form of a diffraction grating, in part because it allows us to gain insight into the nature of the SPP modes involved and the physics underlying the scattering process. Figure 1 (b) shows a schematic representation of the dispersion diagram of a microstructured thin metal film (pitch λ g ) bound on one side by an organic emissive material and on the other by air. The introduction of the microstructure allows the momentum (wavevector) of the SPPs to be augmented/reduced by Bragg scattering off the periodic structure according to the relation,
where k SPP is the wavevector of the SPP mode, k g is the grating wavevector(│k g
is in-plane wavevector, θ the polar angle of the emitted light and n is an integer that defines the order of the scattering process. The SPP modes may therefore be scattered into the light cone and thus couple to light. As we show below, the recovery of energy lost to SPP modes is more complex than simply scattering these modes to produce emitted light. The excitons in an emissive material may couple to the SPP modes associated with each side of a thin metal film. Numerical calculations, modeling the emitter as an electric dipole (Fig. 2) show that this process is dominated by losses to the SPP mode associated with the metal/organic interface, with the coupling to this mode being approximately 2 orders of magnitude greater than that to the metal/air SPP [6] . The SPP mode associated with the metal/organic SPP may couple to light via one of two routes. Firstly it may be scattered by the microstructure at the metal/organic interface. The light will then be attenuated as it propagates through the metal before emerging into the far field. Secondly the microstructure at the metal/air boundary may scatter the mode. In this case it is the attenuated field associated with the metal/organic SPP that is scattered by the microstructure. Emission mediated via either of these two routes is attenuated to a similar degree on crossing the metal film. A key to explaining why this mode (SPP2) has often not been observed before [7] [8] comes from recent work that shows that these two emission pathways are out of phase and thus destructively interfere [9] . Because of their similar amplitude there is almost complete cancellation, thus accounting for why this mode has not often been seen before in this context. In order to recover the energy lost to the SPP mode associated with metal/organic interface some means must be found to transfer this energy across the metal film and then scatter to light. Ideally we would like to, a) overcome the phase mismatch and, b) alleviate the attenuation through the metal film. The work reported below seeks to address both these issues. The transfer of energy across a metal film has been the subject of much activity following the report of the enhanced transmission of light through metallic films perforated with periodic arrays of sub-wavelength holes by Ebbesen and co-workers [10] . As noted elsewhere [11] for the metal film thicknesses typical of top-emitting OLEDs holes are not needed, a periodic modulation will suffice. In this study we will focus on two methods for improving the coupling of energy associated with the SPP supported by the metal/organic interface (SPP2) across the metal film to produce light, firstly the use of cross-coupled SPPs and secondly the use of coupled SPPs.
The first method demonstrated as a means of transferring molecular fluorescence across a thin metal film was SPP cross-coupling [12] [13] . SPP cross-coupling allows the mismatch in the in-plane wavevectors between the SPP modes associated with the interfaces on either side of a thin metal film to be overcome by the introduction to the metal of an appropriately scaled periodic microstructure. The SPPs may then couple when the follow condition is met,
where, k SPPorg and k SPPair are the in-plane wavevectors of the SPPs associated with the metal/organic and metal/air interfaces respectively. The coupling between the SPP modes opens the possibility that the fields associated with the SPPs may span the metal at the frequency for which the cross-coupling condition, Eq. (2), is met enabling the transfer of energy across the metal. The metal/air SPP may then scatter to light by satisfying Eq. (1). An alternative method of transferring energy across the metal film is the use of coupled SPPs [14] . Here the SPP modes associated with the two interfaces are coupled by matching the effective refractive indices of the materials bounding the metal thus allowing the fields associated with the SPPs to span the metal, across all emission frequencies. The SPP modes are then scattered to light, again by the introduction into the metal of a wavelength scale microstructure. Below we examine the photoluminescence emission of light through a thin metal film mediated by both cross-coupled and coupled SPP modes in greater detail and discuss the significance of these results on the efficiency of cathode emitting OLEDs is discussed. 
Sample fabrication
In order to investigate the role of cross-coupled and coupled SPPs in the emission of light through thin metal films, four different sample geometries were constructed. The first, used as a control sample, shown schematically in Fig. 3 (a), consisted of a 60 nm thick emissive tris(8-hydroxyquinoline)aluminium (Alq 3 ) film deposited by thermal evaporation. The Alq 3 layer was coated with a 55 ± 2 nm thick planar silver film, again by thermal evaporation under vacuum (~10 -7 Torr). The second structure (Fig. 3(b) ) was used to investigate the cross-coupling of SPPs as a means of energy transfer across the metal. This sample was similar in construction to the planar control structure (Fig. 3(a) ) containing a 60 nm evaporated Alq 3 emissive layer and a 55 ± 2 nm Ag film however, the Ag film included a wavelength scale grating type microstructure (λ g = 338 ± 1 nm). This microstructure was produced by spin coating the silica substrate with a ~ 300 nm thick photo-resist (Shipley Megaposit SPR 700-1.2) film and exposing this film to an interference pattern produced using a 325 nm He-Cd laser. The pattern was chemically developed and then transferred to the silica substrate by reactive-ion etching with a mixture of CHF 3 and O 2 gases.
The third experimental sample, (Fig. 3(c) ) was used to study coupled SPPs as a means of increasing emission efficiency. This sample (Fig. 3(c) ), contained a 43 ± 2 nm thick microstructured metal film (λ g = 338 ± 1 nm) constructed in an identical manner to that used in the sample shown in Fig. 3(b) . However, the emissive Alq 3 layer differed from that used in the previous samples being deposited by means of spin coating rather than evaporation. This was achieved by doping a polymer, polymethylmethacrylate (PMMA), with Alq 3 (3% by weight). The substrate was then coated with the PMMA/Alq 3 solution and spun at a rate of 4000 rpm, the thickness of the resulting film was found to be ~ 160 nm. To couple the modes associated with each interface of the metal together a dielectric overlayer of an appropriate thickness was added to the metal/air interface. This dielectric overlayer was formed using monolayers of the material 22-tricsenoic acid (22-tric) deposited onto the metal film using the Langmuir-Blodgett (LB) technique [15] . This technique allowed the thickness of the dielectric overlayer to be built up with nanometer precision thus providing great control over the effective refractive index at the metal/ dielectric overlayer-air boundary. The final structure, (Fig. 3(d) ) consisted of a 55 ± 2 nm thick planar silver film bound on one side by a ~160 nm thick spun Alq 3 layer. The other side of the Ag was spin coated with a PR film, into this film a microstructure was introduced (period λ g = 485 nm) using the holographic technique detailed above, the thickness of this microstructured PR film was ~100 nm. The microstructured PR film served two purposes. Firstly, the thickness of the PR film was such that the effective refractive index of this layer was matched to the index of the emissive layer, thus allowing the SPP modes associated with each metal/dielectric interface to couple. Secondly, the microstructure contained within the PR enabled the coupled SPPs modes to scatter to light. The purpose here was to show if energy might be transported across a thin metal film via coupled SPPs and these modes scattered to light by utilizing a sample geometry that was easier to fabricate than a structure containing a microstructured metal film.
The construction of 4 different sample geometries enabled the transfer of energy across a thin metal film mediated by both cross-coupled and coupled SPPs to be investigated by measuring the photoluminescence (PL) emission from each structure.
Experimental technique
To measure the angle dependent PL, samples were mounted on a rotation stage and the Alq 3 optically pumped through the silica substrate with light from a 410 nm diode laser. The spectrum of the resulting PL emitted through the silver film was recorded using a spectrometer/CCD combination with a spectral resolution of ~ 2 nm, having first been passed through a narrow aperture to limit the collection angle to 1˚. By rotating the sample whilst keeping the collection optics stationary, emission spectra could be recorded for a range of polar emission angles (θ). In order to keep the optical pumping conditions constant the angle of the pump beam relative to the sample was fixed throughout each experiment. Figure 4 shows PL emission spectra measured at a polar emission angle, θ , of 10˚ from each of the structures shown in Fig. 3 , these spectra were collected with a polarizer set to pass TM polarized light in front of the detector. It should be noted that each of these spectra have been normalized with respect to the emission from the planar control sample (Fig 3. (a) ). From Fig.  4 it may be seen that each of the spectra obtained from the samples containing microstructure feature sharp emission peaks, these features are mediated by SPP modes supported by the structures being Bragg scattered to light from the microstructure. Considering the relative intensity of the PL emission from each of the structures, the peak emission from the samples that support coupled SPP (Figs. 3(c) and 3(d) ) is greater than that from the cross-coupled sample shown in Fig. 3b by an order of magnitude, and are approximately 50 times greater than that from the planar sample ( Fig. 3(a) ). In order to investigate if these results were repeated over a range of emission angles the measured spectra obtained from each of the structures were built up to form dispersion maps. These maps were constructed by converting the data from PL intensity as a function of both emission angle and wavelength to intensity as a function of both in-plane wavevector and angular frequency. Figure 3 . Each spectrum was measured at a polar emission angle θ of 10˚. Note each spectrum has been normalized with respect to the emission spectrum obtained from the structure shown in Fig. 3a . This normalization was achieved by fitting the spectra obtained from the 3 microstructured samples to the spectrum obtain from the planar structure over a wavelength range from 400nm to 480 nm. Figure 5 shows the dispersion maps constructed from TM polarized PL data obtained from the structures shown in Figs. 3(b) , 3(c) and 3(d), with light regions representing areas of strong emission. The dispersion map constructed from data measured from the structure containing a microstructured metal film but no dielectric overlayer (Fig. 5(a) ) shows a number of emission features. These emission maxima are mediated via the SPPs associated with both the Ag/organic and Ag/air interfaces and will be referred to as SPP1 and SPP2 respectively. Comparing these data ( Fig. 5(a) ) with the schematic dispersion map shown in Fig. 1(b) it may be seen how the scattering of the SPP modes from the microstructured metal film enables the SPPs to fall within the light cone and therefore couple to light. It should be noted that the region where SPP1 and SPP2 cross (k // ~ 0.87 (µm) -1 , ω ~ 1.98 (µm) -1 ) has been overexposed in order that the emission mediated via the individual SPP modes may be seen more clearly. Note how weak emission mediated via SPP2 is in contrast to the amount of power lost to this mode, dramatically illustrating the effect of destructive interference between the two emission pathways for this mode, as noted above. Emission at the crossing of these two SPP modes is mediated via cross-coupling across the metal when Eq. (1) and (2) are met. As we have recently shown, emission via cross-coupled SPPs may result in a doubling of the PL intensity over the PL mediated via the sum of the individual two modes [16] . However, from Fig. 5(a) it is clear that SPP cross-coupling occurs only over a narrow range of emission wavelength and angles. Such a cross-coupling scheme may therefore not be best suited to applications such as displays. As noted above the peak emission of the PL spectra measured at an emission angle θ of 10° (Fig. 4) from a structure that supports coupled SPPs was an order of magnitude greater than from the structure shown in Fig. 3(b) . To investigate if this increase in emission was repeated over a range of emission angles the PL from the structure shown in Fig. 3(c) was examined in greater detail. Fig. 3b, (b) Fig. 3c and (c) Fig. 3d . Light regions indicate areas of strong emission. Note, in Fig. 5a , in order to see the modal features more clearly the intensity at the crossing point between the Ag/organic SPP (SPP2) and the Ag/air SPP (SPP1) is overexposed. Figure 5(b) shows the dispersion map constructed from the PL emission measured from the sample shown in Fig. 3(c) with a dielectric overlayer thickness of 156.0 nm. These data show strong emission from a pair features across a range of emission angles and wavelengths. Comparing Figs. 5(a) and 5(b) it may be seen that the lower emission feature (Fig. 5(b) ) corresponds to SPP2 seen in Fig. 5(a) . The upper emission feature in Fig. 5(b) corresponds to SPP1 (Fig. 5(a) ). The addition of the dielectric overlayer has caused the Ag/air SPP (SPP1) to downshift in frequency due to the increase in the effective refractive index at this interface. Strictly it is incorrect to refer to the SPP modes as being associated with either of the metal dielectric interfaces in a structure that supports coupled modes, rather they are symmetric and antisymmetric coupled surface plasmon polaritons [17] .
Results
To gain an understanding of how the addition of a dielectric overlayer to a thin metal might affect the coupling between the emissive layer and the modes supported by the structure further numerical modeling was undertaken [6] . These data (Fig. 6) were obtained by calculating the power dissipated by an emissive source located in Alq 3 /PMMA film, as a function of dielectric overlayer thickness and in-plane wavevector. For a bare metal film the emitter may be seen to strongly couple to SPP2, in contrast SPP1 is not visible. These data are the same as those seen in Fig. 2 and show that the coupling between the emitter and the Ag/organic SPP (SPP2) being approximately 100 times stronger than to the Ag/air SPP (SPP1). Figure 6 shows that the addition to the metal of a dielectric overlayer ~ 50 nm thick results in an increase in power dissipated to SPP2. As the dielectric overlayer is further increased the power dissipated to SPP1 continues to rise whilst the coupling between the emitter and SPP2 may be seen to fall. The power coupled to SPP1 reaches a maximum for a dielectric overlayer thickness of ~ 150 nm. This increase in power between the emitter and the SPP associated with the Ag/air interface illustrates how matching the effective refractive indices of the media bounding a thin metal film may facilitate transport of energy across the film. From Fig. 6 it would appear that this transfer of energy is at a maximum for a dielectric overlayer thickness of ~ 150 nm. To see if this transfer of energy was accompanied by a corresponding increase in emission the PL from samples with a range of dielectric overlayer thicknesses were measured. Fig. 6 . Theoretically derived dispersion data showing the power dissipated from a dipole source to modes supported by the a metal film bounded on one surface by a spun Alq 3 film and on the other by an 22-tric dielectric overlayer, as a function of dielectric overlayer thickness and inplane wavevector. For a structure with no dielectric overlayer SPP1 and SPP2 correspond to the SPP modes associated with the metal/air and metal/organic interfaces respectively. TE corresponds to a TE polarized waveguide mode supported by the system.
In order to examine the relative PL intensity emitted through a thin metal film between structures supporting individual and coupled SPP modes, samples with 9 different dielectric overlayer thicknesses were measured, the dielectric ranging from 0 to 197.6 nm in thickness. To compare the relative emission from each region the spectra obtained for a range of polar angles from 0 to 40˚ in one degree intervals were summed together. This summed intensity was then plotted as a function of wavelength. The area under each of these curves, over a wavelength range from 416 nm to 806 nm, was then determined by integration. Figure 7 shows the integrated emission intensity for both TM and TE polarized emission as a function of dielectric overlayer thickness. Also shown is the integrated TM polarized emission intensity from the planar control sample (Fig. 3(a) ). It may be seen from Fig. 7 that for relatively thin overlayers (26.0 nm to 67.6 nm) the intensity of the TM polarized PL is the same as that from the corrugated sample with no overlayer, i.e. a bare metal film (to within experimental error). For dielectric film thicknesses greater than ~ 75 nm the PL emission intensity is seen to increase sharply. As further dielectric overlayers are added the integrated emission intensity continues to increase until a maximum is reached when the SPP modes supported by the structure are best coupled, for a dielectric overlayer thickness of 156.0 nm. For dielectric overlayer thicknesses greater than this, i.e. 176.0 nm and 197.6 nm, the integrated emission intensity falls.
To ensure that the fall in the emission intensity seen from structures with a dielectric overlayer thickness of greater than 156.0 nm was not due to power from the emitter being lost to guided modes in the dielectric film, measurements were also taken of the TE polarized emission. For samples with a dielectric overlayer thickness greater than 100 nm, a peak in the TE polarized emission corresponding to a guided mode was seen. This TE polarized PL emission data was summed and integrated in the same manner as the TM polarized data. From Fig. 7 no increase may be seen in the TE polarized emission with increasing dielectric film thickness. These results show that the fall in the TM polarized emission intensity from the structures with dielectric overlayer thicknesses of 176.8 nm and 197.6 nm is due to a decrease in the coupling of the SPP modes rather than due to a redistribution of the power from the SPP modes to TE guided modes. Fig. 7 . Integrated intensity of PL emission obtained from the structure seen in Fig. 3b as a function of dielectric overlayer thickness. Also shown is the integrated TM polarized PL emission intensity from the structure shown in Fig. 3a. (Note for dielectric overlayer thicknesses below 114.4 nm no TE polarized emission features were seen).
The strength of integrated PL emission from a corrugated structure that supports coupled SPPs may be seen from these data to be 3 times greater than a similar sample with a bare corrugated metal film, and over 50 times greater than from a bare planar structure. Whilst the use of a sample containing a microstructured thin metal film that supports coupled SPPs has been shown to considerably increase the PL emission over a planar structure, the production of a microstructured metal film on a commercial scale is demanding in terms of fabrication. For this reason a sample was constructed that contained a planar metal film coated with a microstructured PR layer. This PR layer both allowed the SPPs associated with either side of the metal to couple and for the coupled SPPs to scatter to light. Figure 5 (c) shows a dispersion map constructed from the PL emission measured from the structure with a planar metal film and a microstructured PR layer (Fig. 3(c) ). From these data a pair of emission features mediated via coupled SPPs similar to those shown in Fig. 5(b) may be seen. It should be noted that the difference in the position between the features seen in Figures 5(b) and 5(c) are due to the difference in grating pitch between the two structures. As with the previous sample (Fig. 3(c) ) the PL emission through the metal film mediated via coupled SPPs may be seen to occur over a range of emission wavelengths and angles. This emission is remarkable considering the distance (~ 150 nm) between the emissive Alq 3 layer and the scattering surface located at the PR/air interface. Such an approach, where a wavelength scale microstructured dielectric overlayer is added to a cathode emitting OLED possibly by means of solvent assisted lithography, may open a practical way to increase device efficiency.
Conclusions
It has been shown that losses to surface plasmon-polariton (SPP) modes supported by a cathode emitting OLED may considerably diminish the efficiency of light emitting structures; the majority of this energy being lost to the SPP mode associated with metal/organic interface. Whilst some energy may be recovered by the introduction of a wavelength scale microstructure to the metallic cathode, thereby scattering the SPPs to light [18] [19] , much of this energy is lost due to both attenuation incurred in crossing the metal film and phase cancellations. We have shown that these losses may in part be overcome by selecting a sample geometry that allows the SPP modes associated with either side of a thin metal film to couple, thus enabling energy to be transported across the metal. One such method is SPP cross-coupling, PL emission mediated via this route has been shown to be two times greater than from the sum of the emission from the individual SPP modes. However, the emission mediated by cross-coupled SPPs has been shown to occur only over a narrow range of emission wavelength and angles.
An alternative means to recover energy lost to SPP modes has been presented where the SPP modes associated with either side of a thin metal film are coupled together across a wide range of emission frequencies by the addition onto the metal film of an appropriate dielectric overlayer. Two such schemes have been considered here, the first of these utilizes a microstructured metal film to scatter the coupled SPPs to light. The PL emission from such a structure has been shown to be 3 times greater than from a corrugated sample with a bare metal film and over 50 times greater than from a bare planar film. PL emission has also presented from a structure containing a planar metal film with the scattering surface being introduced into the dielectric overlayer, thus simplifying device fabrication. Strong PL emission from this structure mediated via coupled SPPs has been shown to occur across a range of emission angles and wavelengths. Such a device, in which a microstructured dielectric overlayer might be added to an OLED structure, possibly by means of soft lithography [20] , may open possibility of increasing the optical out-coupling and thus the efficiency of devices such as top-emitting OLEDs.
